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and epoxy-resin casting. [ 19 ] Soft lithography, [ 12 ] femtosecond laser ablation, [ 13 ] and digital micromirror device projection printing [ 14 ] have allowed the fabrication of negative Poisson's ratio structures with characteristic sizes of hundreds of micrometers. Smaller dielectric auxetics with unit cells on the order of 100 µm have been made by laser micromachining, [ 15 ] while dielectric auxetics with a characteristic size of 10 µm have been realized by direct laser writing. [ 16 ] However, negative Poisson's ratio materials with nanoscale lattice para meters cannot be fabricated using such techniques due to their limited resolution and the complexity of auxetic designs. Nevertheless, nanoscale auxetics would be particularly interesting as optical materials, considering that the combination of transformation optics concepts [ 20 ] with dielectric properties of auxetic meta materials [ 19, [21] [22] [23] [24] [25] already promises better electromagnetic cloaking devices for microwaves. [ 26, 27 ] Here, we realize micro-and nanoscale metamaterial structures and demonstrate negative Poisson's ratios by mechanical actuation ( Figure 1 ). Our nano-auxetic metamaterials are based on the re-entrant honeycomb design, which is known for auxetic properties for a wide range of beam thicknesses, sizes, and angles. [ 11 ] Inspired by recent work in the fi eld of nanomechanical photonic devices, [ 28 ] nanomembrane technology was used to fabricate auxetics with lattice parameters in the range from a few micrometers to hundreds of nanometers. Nanomembrane technology has already provided simple and effi cient solutions for reconfi guration of nanoscale structures that are not auxetic, enabling nanomechanical devices and sensors. In particular, engineered resonant optical properties and anisotropic light modulation with up to 50% optical contrast has been demonstrated with reconfi gurable metamaterials actuated by thermal, [ 29 ] electric, [ 30 ] and magnetic [ 31 ] signals, and fabricated from plasmonic-thin-fi lm-coated nanomembranes.
The auxetic materials are shown by Figure 2 and were fabricated by thermally evaporating a 60 nm-thick gold plasmonic layer on a commercially available silicon nitride membrane of 50 nm thickness and then milling the re-entrant honeycomb structure through both layers using a gallium-focused ion-beam system (Helios 600 NanoLab by FEI). All structures were milled with an ion-beam energy of 30 keV. Infrared auxetic metamaterial microstructures were fabricated with 70 pA ion-beam current and a spot size of 21 nm, while nano-auxetic structures were milled with a reduced ion current of 9 pA and a smaller spot size of 12 nm. The honeycomb pattern has a rhombic unit cell and wallpaper symmetry group cmm . [ 32 ] For simplicity, we specify the smallest rectangular cell, p x × p y , that describes each structure, where the periodicities p x and p y along x and y correspond to the diagonals of the elementary rhombic unit cell, see Auxetics, materials with a negative Poisson's ratio, are rare in nature. They possess the distinct mechanical property of expanding laterally upon being stretched which leads to important applications such as mechanical impact shields and particle fi lters. Several design concepts and fabrication techniques for artifi cial planar arrays of auxetic meta-molecules, with typical lattice parameters from millimeters to tens of micrometers, have been developed. Here we report, for the fi rst time, planar auxetic materials with lattice parameters and optical properties of plasmonic metamaterials for the mid-infrared to optical part of the spectrum. These fi rst auxetics with lattice parameters in the range from a few micrometers to hundreds of nanometers are fabricated by structuring a nanoscale plasmonic fi lm supported by a dielectric nanomembrane. Under uniaxial tension or compression, our materials exhibit negative Poisson's ratios between −0.3 and −0.5. Infrared and optical spectra of these structures show plasmonic resonances, indicating that such materials could act as novel nanomechanical light modulators.
In analogy to electromagnetic metamaterials, auxetics are often called mechanical metamaterials as their properties result from structuring. Negative Poisson's ratio, [1] [2] [3] [4] [5] synclastic behavior, [ 6 ] and wave-energy harvesting [ 7 ] are examples of unique properties that mechanical metamaterials can exhibit. In contrast to normal materials, negative Poisson's ratio structures have the peculiar property that, when stretched in one direction, they will expand in the perpendicular direction. Numerous auxetic structures have been demonstrated theoretically [ 3, 4, [8] [9] [10] and experimentally studied at millimeter to submillimeter [11] [12] [13] [14] [15] [16] and molecular scales. [ 17 ] Suitable fabrication techniques are determined by the characteristic size of the auxetic structure. For example, macroscopic structures with unitcell dimensions larger than 1 mm were fabricated using open cell polymeric or metallic foams, [ 1 ] aramid paper, [ 11 ] mechanical devices made of hinges, springs, and sliding collars, [ 18 ] pattern, respectively, see Figure 2 a,b. The nano-auxetics for the optical part of the spectrum are miniaturized versions of the latter with an overall size of 20 µm × 20 µm and rectangular cell dimensions of 1.8 µm × 1.2 µm and 900 nm × 600 nm, see Figure 2 c,d. Only two sides of the metamaterial structures are supported, by the gold-coated silicon nitride membrane on one side and an elastic beam on the opposite side to allow for actuation in the y -direction, as well as expansion and shrinking along the x -direction.
In order to measure the mechanical properties of the auxetic metamaterials, the larger and more robust arrays were actuated using a 100 nm micromanipulator tip ( Figure 1 ). The micromanipulator was used to move the elastic beam of 100 µm length that supports one side of the structure resulting in a uniaxial force that stretches or compresses the entire metamaterial, depending on the direction of micromanipulator movement. We did not notice any signifi cant buckling of the structures. The resulting axial and transverse strains were measured by scanning electron microscopy (SEM) observation of the structures in their deformed and relaxed states. All the experimental strains were smaller than 3% and our measurements show that the metamaterials expand laterally upon axial stretching and that they shrink laterally upon axial compression. Thus, the axial ε axial and transverse ε trans strains were found to have the same sign in all cases, corresponding to auxetic behavior and a negative Poisson's ratio ν = − ε trans / ε axial . The deformation of the infrared auxetics with narrow ( both tension and compression within experimental accuracy. As the Poisson's ratio of structured materials does not depend on scaling the size of their unit cell, [ 6, 9 ] we argue that negative Poisson's ratios of approximately ν wide shall also be expected in case of the more fragile nano-auxetics, which are miniaturized versions of the microscale re-entrant honeycomb design with wide beams. We note that 2D theoretical models assuming narrow beams ( w << d ) predict a Poisson's ratio close to −1 for our structures, [ 3 ] however, the relatively wide beams of our auxetics ( w ≈ d /4 and w ≈ d /2) are known to yield Poisson's ratios of reduced magnitude. [ 11 ] Out-of-plane deformation, that could occur as our beams are thin in the z -direction ( t = 110 nm < w ), as well as fabrication imperfections may also contribute to deviations from the 2D models.
Measurements of nanoscale axial and transverse deformations of the metamaterial unit cells require precise measurements of length changes. Therefore, we determined length changes by analyzing SEM images recorded with and without micromanipulator actuation systematically. In order to avoid systematic errors, for a given metamaterial, images of a chosen unit cell were recorded in sequence with fi xed magnifi cation and various applied forces. The axial strain corresponds to the relative length change of the unit cell along the y -direction. As the re-entrant honeycomb unit cell has parallel gold edges (Figure 3 a) that correspond to step-like transitions of the image intensity along y (Figure 3 b) , statistical errors of the gold edge separation along y were minimized by averaging the central part of the unit cell's image along x . Axial nanodisplacements due to force application can be seen clearly (Figure 3 b) and the force-induced axial length change of the unit cell Δ p y has been extracted, where 1 pixel corresponds to 8 nm. The transverse strain corresponds to the relative length change of the unit cell along the x -direction Δ p x and therefore it is controlled by the force-induced gap change between the re-entrant parts of the unit cell (Figure 3 c) . In order to minimize statistical errors, this gap change was measured for multiple characteristic distances and then averaged.
Structuring of the metal-dielectric membrane controls not only its mechanical properties but also its optical properties. Due to the micro-and nanoscale nature of our structures, they are indeed effective media (electromagnetic metamaterials) when considering infrared and optical radiation with suffi ciently large wavelengths to avoid diffraction. Metamaterials consisting of a simple rectangular lattice of unit cells diffract normally incident radiation if the wavelength is shorter than the longer of the rectangular unit cell dimensions p x and p y . Similarly, diffraction for rhombic lattices occurs when the wavelength of normally incident radiation is shorter than the separation λ c = p x sin(tan −1 p y / p x ) of the parallel sides of the rhombic unit cell (dashed lines in Figure 3 a) . Therefore, and due to the presence of a plasmonic thin fi lm, typical metamaterial electromagnetic properties arise in such auxetic materials. The optical properties of metallic micro-and nanostructures, such as the auxetic metamaterials investigated here, are determined by the localized plasmonic response of coupled oscillations of conduction electrons and the electromagnetic near-fi eld induced by the incident light. This is illustrated by Figure 4 , which shows numerical simulations of the transmission and refl ection spectra for the smallest auxetic nanostructure alongside the plasmonic excitations corresponding to selected spectral features (Comsol Multiphysics). The nano-auxetic exhibits a narrow absorption resonance (refl ection minimum A) at about 870 nm wavelength, which corresponds to an anti-symmetric plasmonic excitation also known as "trapped" mode. These anti-symmetric plasmonic currents cannot radiate effi ciently, as their radiated fi elds would cancel in the far-fi eld and therefore electromagnetic energy is trapped by the auxetic metamaterial, resulting in large resonant plasmonic fi elds and about 50% absorption. At a wavelength of about 970 nm, the metamaterial becomes highly refl ective (marked B), which is caused by a strongly scattering electric dipole mode, where the x -component of all plasmonic currents oscillates in phase. In contrast, refl ectivity vanishes almost completely at around 1630 nm wavelength (marked C), due to a nonresonant anti-symmetric excitation of the nanostructure. The same trapped mode absorption resonance (A), electric dipole refl ection maximum (B), and non-resonant transmission window (C) are also seen in experimental transmission and refl ection spectra of the auxetic metamaterials, see Figure 5 . The latter were measured using Fourier transform IR ( At this stage of research, we were not able to characterize the optical properties of the auxetic metamaterials under controlled actuation, which would require simultaneous measurements of optical properties and mechanical deformations. However, the plasmonic response and thus the optical properties of metamaterials have been shown to be highly sensitive to the geometry of the structure. [ 28 ] We argue that also actuation of micro-and nanoscale auxetic metamaterials will lead to pronounced changes of their optical properties, such as changes of strength and spectral position of plasmonic resonances.
Adv. Mater. 2016, 28, 5176-5180 www.advmat.de www.MaterialsViews.com Micro-and nano-auxetic metamaterials combined with actuation mechanisms of reconfi gurable terahertz and photo nic metamaterials [ 30, 31, 33, 34 ] promise a class of tunable nano mechanical metadevices with fi xed optical anisotropy. In contrast to conventional materials and metamaterials, where stretching or compression necessarily changes the anisotropy of the structure, auxetics provide an opportunity where both the aspect ratio of the unit cell and its corresponding optical anisotropy (or isotropy) can in principle remain unchanged with actuation. [ 18 ] Careful design of the auxetic scaffold that supports plasmonic or high-index dielectric resonators enables unique combinations of mechanical and optical properties that may be controlled through actuation with sub-microsecond response times. [ 28 ] Recent advances in MEMS and NEMS reconfi gurable metamaterials [ 30, 31, 33 ] provide solutions for electrical actuation of micro-and nano-auxetic metamaterials, enabling applications in optoelectronic devices, e.g., tunable wave plates based on anisotropic auxetics, and polarization insensitive nano mechanical light modulators and variable fi lters based on isotropic auxetics. Miniaturization of such structures drives up achievable modulation speeds, which are expected to reach gigahertz on the nanoscale, [ 28 ] and, in contrast to conventional reconfi gurable metamaterials, auxetic devices could also benefi t from enhanced mechanical properties such as fatigue and indentation resistance. [ 35, 36 ] We note that large optical modulation contrast may require large strains, which can lead to buckling in case of compression, however, such buckling will be reduced in structures consisting of narrower and thicker beams ( w << t ).
In summary, we merge mechanical and electromagnetic metamaterials at the nanoscale by fabricating plasmonic microand nano-auxetic metamaterials that exhibit both a negative Poisson's ratio and resonant optical properties controlled by the metamaterial structure. Micromanipulation confi rms lateral expansion upon axial stretching of the re-entrant honeycomb design, and the microscale and nanoscale nanomembrane metamaterials have pronounced transmission and refl ection resonances in the infrared and optical parts of the spectrum, respectively. Our fi ndings indicate that reconfi gurable auxetic metamaterials operating in the optical spectral range promise a broad range of unusual optomechanical properties which is yet to be explored.
